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Abstract 
Wells remain inadequately studied with respect to the probability and rate of leakage in geologic CO2 sequestration. Efforts to 
model reaction-induced leakage along wells have been limited due to poorly understood reaction between cement and 
sequestered CO2 fluids. Recent work on class H cement under reservoir conditions has shown a slow reaction rate, even 
considering the timescale of interest for CO2 sequestration (Kutchko et al. [1]). This observation is consistent -with field scale 
observations at a CO2 enhanced oil recovery operation (Carey et al. [2]). These results suggest that loss of well integrity from 
degradation of intact cement is not a significant leakage risk.  
 
However, cement failure via micro annulus debonding and micro fracturing of the cement is a relatively common occurrence in 
the petroleum industry. If the CO2 plume were to encounter these conductive pathways, leakage out of the storage volume could 
occur. If CO2-saturated brine were to move into these conduits, reactive alteration of cement would be focused on the conduit 
walls. Further complicating the scenario is the fact that wells are subject to geomechanical stresses. To properly assess the 
leakage risk of wells around a CO2 sequestration project, we need to determine whether degradation of cement along a 
conductive pathway will increase or decrease its conductivity. Here we report a set of simple experiments studying this coupled 
relationship. 
 
The experiments measure flow through a fracture in a core, from which we infer its effective aperture as a function of confining 
pressure. Class H neat cement was cast in cylindrical cores and fractured using the Brazilian method to create a more realistic 
pathway geometry. Core halves were reassembled with a small offset to prevent mating, then sealed to ensure flow only through 
the fracture. We observe a systematic variation in effective aperture, and hence in conductivity, with confining stress. The 
variation is consistent with behavior reported in the literature. The disassembled fracture faces were then degraded with 
hydrochloric acid to simulate exposure to CO2-saturated brine along this conductive pathway. A reassembled, lightly reacted 
fracture behaves similarly to the unreacted fracture. A heavily reacted fracture closes much faster as confining stress increases. 
Thus the coupling between reaction and geomechanics in the field will strongly affect the leakage rate; indeed, it raises the 
possibility that leaks could be self-sealing. 
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1. Introduction 
One requirement for commercial CO2 sequestration operations is a measure of risk associated with the project. To 
get government approval, certify carbon storage, and satisfy public interests we must have a sense of the mode, 
quantity and potential impact that any leak might have. Leakage can occur though reservoir seal spillage, transport 
along a conductive fault, or flow along a conductive wellbore. Wells are a particular concern because they are 
numerous in some parts of the world, of variable competence and they provide a direct pathway from the storage 
reservoir to a sensitive asset (e.g. an aquifer) or back to the surface. 
1.1. Well leakage risk 
The risk of well leakage during CO2 sequestration operations is a poorly understood issue. The age of a well 
plays an important role in determining the competence of the well (Watson and Bachu  [3]), its depth of penetration 
(Nicot et al. [4]) and the rules under which the well was constructed or plugged and abandoned. In the petroleum 
industry the occurrence of wells that provide inadequate zonal isolation is well documented (Bourgoyne et al. [5]). 
Identification of the mode of leakage is still an area of active research. Inadequate isolation usually is the result of a 
conductive pathway within the cement or along one of the interfaces between cement, casing and earth (Nelson and 
Guillot [6]). The former mode occurs with poor mud displacement during the cement job or when gas enters the 
annular space before the cement has set. Even in a cemented annulus that had successfully provided a barrier for 
fluid flow, pressure and temperature cycling of the well can cause expansion and contraction of the casing 
/cement/earth interface and lead to debonding between portions of the well. This creates a conductive microannulus. 
The cycling can also cause the cement to fail in tension, so that fractures within the cement propagate along the 
cemented annulus. Wells around a sequestration operation will likely have the same range of problems as in the 
petroleum industry. In many regions where sequestration is likely to be implemented, existing wells are too 
numerous to study on a case by case basis. Hence we seek a better understanding of the fundamental processes 
likely to be involved in leakage, so that we can better estimate leakage risks and potential impacts.    
One significant difference between typical oil field operations and a CO2 sequestration project is that the injected 
CO2 and associated CO2-saturated brine are chemically reactive with cement. Competence of cement exposed to 
these fluids over an extended amount of time was studied recently by Kutchko et al. [1,7]. These results show that in 
neat class H cement the rate of penetration of the reaction front is slow. The degradation rate when the cement is 
subject to supercritical CO2 follows Fickian diffusion. When the cement is exposed to CO2-saturated brine, the 
penetration rate is retarded by a diffusive barrier of carbonate that precipitates as the acid reacts (Kutchko et al. [1]). 
Penetration rate in cement mixtures with additives such as pozzolan is still being studied, but preliminary results 
show no wholesale loss of cement integrity. However, reactions at the face of a conduit within cement could have a 
large effect on the mechanical properties of that conduit, even when the extent of reaction is volumetrically minor. 
The mechanical properties and the in situ stresses on the cement/casing/earth system determine the aperture of the 
conduit. Thus reaction may be strongly coupled to leakage by means of the geomechanics. This coupling motivates 
the present study. 
During a sequestration project we expect significant pressure changes, first as the reservoir is elevated in pressure 
during injection and then as pressure returns to ambient levels after injection ends. The effects of pressure cycling on 
wells around the sequestration reservoir are unknown. If the fluid can communicate with a leakage path, elevated 
pore pressure might increase the size of the pathway. In typical oilfield operation a well would continue to leak, 
once a conductive pathway formed. A leaky well in a CO2 storage operation could have CO2-rich fluids reacting 
along the leakage conduit, thereby altering the mechanical properties of the material supporting the pathway. If this 
were to happen, then when the supporting pressure inside the pathway returns to background conditions, the 
pathway might seal.  
1.2. Goal of study 
The goal of our study is to determine if cement with a conductive pathway could form a self-sealing system when 
subject to the coupled effect of confining stress and alteration of the mechanical properties along fracture surfaces 
by reaction with an acidic fluid. We also compare bench-scale behavior with the expected field conditions. Finally, 
we use these insights to improve our understanding of well leakage risk.  
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2. Fracture Flow Experiments 
2.1. Background/Theory  
We focus on one of the most likely conductive pathways in the casing/cement/earth system, a single fracture 
created by tensile failure. Fracture flow can be modeled using the cubic law for flow between parallel plates 
(Witherspoon et al. [8]). The fracture aperture strongly depends on any applied confining pressure (Tsang and 
Witherspoon [9,10]). Using loading cycles while flowing fluid through the fracture Tsang et al. were able to show 
that increasing the confining pressure on the sample decreased the aperture size in a straightforward relationship. 
Though loading cycles showed hysteresis and permanent deformation, with repeated loading the relationship 
became more reproducible. Tsang et al. attribute this to strain hardening, as the taller and thinner asperities on the 
fracture surface are broken and the shorter, broader asperities are able to accommodate the confining stress.  
The relationship between aperture size and confining stress is a function of several parameters: the morphology 
of the fracture surfaces (asperity heights and distribution), the loading history of the fracture, and the mechanical 
strength of the material. If, in an appropriately strain hardened sample, the mechanical strength of the fracture 
surfaces were to be altered, the loading cycle would have a significantly different shape. We design our experiments 
to exploit this relationship. 
Our preliminary study (Huerta et al. [11]) showed that using a Hassler cell apparatus we could accurately infer an 
effective fracture aperture and characterize the relationship between changes in aperture size with change in 
confining stress during pressure cycles. We also found evidence that altering the fracture face of a cement core could 
have an effect on the aperture size to confining stress relationship for our samples. Our present study is an expansion 
of those findings. 
2.2. Methods  
2.2.1. Equipment and Sample Description 
The core flow equipment 
consisted of a Hassler core 
flow cell (Figure 1–Top Right) 
which can accommodate cores 
one inch in diameter and one 
foot in length. We use two 
pressure transducers, one to 
measure the inlet fluid 
pressure and the other to 
measure confining pressure on 
the core. Pressure data was 
digitally recorded using 
National Instruments data 
acquisition software. To push 
the water through the core a 
constant flow positive 
displacement pump was used 
(Figure 1Figure –Top Left), 
with flow rate between 0.01 
ml/min and 10.0 ml/min. Flow 
rate was measured by 
recording fluid volume 
collected during the 
experiment.  
Samples were created from neat class H cement. We cured the cement at 125°F and atmospheric pressure. To 
create the conductive pathway we used the Brazilian method to create a tension fracture along the length of the core. 
To prevent the possibility of the core faces from mating when re-assembled, and to ensure a conductive pathway of 
 
Figure 1 – Equipment setup. (Top Left) Fluid pump. (Top Right) Hassler cell used to hold the cement 
cores for fluid flow experiments under different confining pressures. (Bottom Right) Acid reaction 
setup consists of a glass dish to hold the acid and cement, a pH probe, and a stir plate. (Bottom Left) 
Close up of one half of cement core sitting with its fracture face exposed to acidic fluid. 
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some significant initial aperture size we offset the cores lengthwise by a small amount (1-2 mm) and shaved down 
the overlapping end sections of the core. To prevent fluid from flowing around the outside of the fracture we applied 
caulk with negligible mechanical strength to the outside of the core, along the fracture.   
For the acid exposure we separated the core halves and placed them face down in a Pyrex dish (Figure 1–Bottom 
Right). The halves rested on glass stands, which made a few point contacts with the fracture face. This ensured that 
essentially all the fracture face was exposed to the acidic fluid (Figure 1–Bottom Left). This assembly was placed on 
a stir plate to ensure a well-mixed fluid as the reaction proceeded. Acidity of the fluid was monitored with time 
using a pH probe.  
2.2.2. Experiment Procedure and Data Analysis 
The key to all analysis in this study is the relationship between effective aperture and confining pressure (or, in a 
few cases, the effective confining pressure, which is the difference between confining pressure and fluid pressure 
within the fracture.) To obtain this relationship, a fractured core was placed in the Hassler cell with a prescribed 
confining pressure. The injection pump was turned on and once steady state was achieved we performed a test, 
which consisted of recording the confining pressure, inlet pressure, and time to collect a predetermined volume of 
fluid. Two more tests were conducted at the same confining pressure, each with a higher flow rate (and 
correspondingly higher inlet pressure). These three tests are termed an experiment, which is used to calculate the 
effective aperture size at the given confining pressure. The confining pressure was then changed and more 
experiments performed. To determine the aperture-confining stress relationship we performed a cycle, in which the 
confining pressure was incremented several times. Experiments were conducted at each value of confining pressure. 
This loading portion of the cycle continued until we reached a maximum confining pressure (usually 750 psia). The 
unloading portion of the cycle consisted of decreasing the confining pressure and conducting experiments at various 
points along the unload path. We repeated cycles to test for strain-hardening or other alteration of the mechanical 
strength of the fracture faces.  
Flow rate was determined by taking a least squares fit between the volume of fluid collected and the experiment 
time. The mean inlet pressure during an experiment was used. To determine the effective aperture size at a given 
confining stress we fit a straight line through the flow rate (Q) versus pressure drop (¨P) data (Figure 2). The slope 
(m) is proportional to the cube of the aperture size (B). In Figure 2 the red arrow indicates how confining stress 
changes the slope of (Q/¨P): as confining pressure increases, the slope decreases and so does the aperture size. This 
is best shown in the right hand plot of Figure 2, which is a full loading/unloading cycle on a cement core. The 
colored data points correspond to the colored lines in the left panel and show the decrease in aperture as confining 
pressure increases.  
The acid exposure portion of the experiment consisted of placing the core faces in hydrochloric acid adjusted to a 
pH of 3.5. Once reaction increased the pH of the fluid above 7 the liquid was removed using a pipette and fresh acid 
was placed in the container. This was repeated frequently; the total moles of acid reacted with the cement was 
recorded for each experiment.  
 
Figure 2 – (Left) Four flow rate experiments (colored lines), consisting of three flow tests (triangles) for each. Each experiment was conducted at 
a different confining pressure during the loading part of a cycle (Right). The red arrow illustrates the relationship between Q/'P slope and 
effective aperture size. The black arrows indicate the direction of loading and unloading during our cycles. 
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2.2.3. Experiment Plan 
Table 1Table  summarizes the experimental procedure. Each core undergoes a baseline experiment which 
consisted of three full loading cycles. Aperture measurements were conducted at three or four pressures along the 
loading path and at three or four pressures along the unloading path. One aperture measurement was made at the 
peak confining stress. The purpose of the multiple cycles was to characterize the initial (unreacted) relationship 
between aperture and confining stress and to strain harden the sample. The core was then taken out of the Hassler 
cell, taken apart and then resealed. Two additional cycles were conducted on the reassembled core. The purpose of 
these cycles was to determine whether the new alignment of the fracture faces that is inevitable when the core halves 
are re-assembled changed the relationship between aperture and confining pressure. This check is necessary because 
the acidization procedure required disassembly of the core. After the second set of cycles the core was removed and 
placed in the acid for a set period. After removal from the acid, the core halves were re-assembled and sealed and a 
set of acid study cycles were performed on the sample. After the baseline/acid treatment/acid study, each core was 
treated differently and will be discussed in the respective results section. We present results from two cement cores 
(Table 2Table).  
Table 1 - A breakdown of the typical procedure used in our study. 
Procedure Cycle Number 
1 
2 
3 
Separate and  
Reseal Core 
4 
Baseline Study 
 
 
 
 
5 
Acid Treatment  X days 
1 
2 
Acid Study 
 
 3 
 
Single Cycle Confining Pressure Schedule, psi 
Loading 200, 300, 500, 700 
Peak 800 
Unloading 700, 500, 300, 200, 0 
Pump Rates Used, ml/min 
2.0, 3.0, 4.0 
 
Table 2 - Experiment conditions for the three cores used in this study. 
Sample Name Dimensions [DxL], cm Acid Exposure [time exposed/ moles consumed] 
BB8 2.6×5.15 7 days / 4.78×10-4 
F14B 2.5×4.9 12 days/ 2.0×10-3 
 
2.3. Results / Discussion 
2.3.1. Sample 1 (BB8) 
For our first sample we used flow rates of 1.0, 1.5, and 2.0 ml/min. Corresponding inlet pressures ranged from a 
few psi up to near 200 psi. At the latter values the effective confining pressure is substantially smaller than the 
confining pressure; we note this effect when relevant. Confining pressure measurements (psi) were taken at 200, 
300, 500, and 700 for the loading cycles; 800 at peak confining, and 700, 500, 300, and 200 during the unloading 
portion of the cycle. Figure 3 (Top Left) shows the baseline results for sample BB8. Cycle 1 aperture size begins at 
26 μm and drops to 16 μm at peak load; the aperture is 19 μm for the smallest measured unloading pressure. In 
Cycle 2 the aperture starts around 22 μm. The value differs from the aperture at the end of Cycle 1 because the 
confining pressure is reduced to zero at the end of each cycle. This permits some re-arrangement of the fracture 
faces when re-loading occurs on the next cycle. In Cycle 2 the aperture decreases to 15 μm as the confining pressure 
increases. It opens back up to at least 20 μm during unloading. In Cycle 3 the aperture begins around 21 μm and 
ends at 12 μm during loading, then unloads to a value of 16 μm. At the end of Cycle 3 the core was taken apart, 
resealed with caulk and retested. The initial aperture for Cycle 4 was larger than Cycle 1, at 33 μm (due to reseating 
of fracture asperities). It quickly dropped to 14 μm at maximum loading, returning to 20 μm during unloading. The 
final Cycle (5) follows Cycle 3 quite well, starting at 22 μm and reaching 13 μm at maximum confining stress. It 
unloaded to at least 18 μm.  
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Figure 3 – The top left plot shows the baseline cycles for sample BB8. The top right shows the cycles after the core has been reacted with acid 
once. The bottom shows the strain hardened behaviour developed in the baseline study is still present after the acid exposure. 
The baseline results for this sample follow the expected relationship between confining stress and aperture size 
quite well (Iwai, 1976). As the sample repeatedly cycled, asperities crush and the fracture becomes “strain 
hardened” – moving from cycles with permanent deformation, to approximately elastic (reversible paths) behavior. 
Hysteresis during loading and unloading cycles is also evident. Even when the sample is taken apart and resealed the 
core quickly approaches the previous strain hardened behavior. Initial variability of aperture is inevitable any time 
the core is disassembled then reassembled. For our purposes the important observation is that the core still exhibits 
the strain-hardened behavior obtained in the previous cycles.  
After acid treatment conditions shown in Table 2Table, sample BB8 (Figure 4 Right) was retested for three 
cycles. Figure 3 (Top Left) shows the results from the cycle test. The flow rate range was dropped from the base line 
to 1.0, 1.5, and 2.0 ml/min to keep inlet pressure (ranging from a few psi to hundreds of psi, depending on confining 
pressure) below the pressure transducer limit. The baseline confining pressure schedule was followed. Initial 
aperture size is quite large (52 μm) but during loading it quickly drops to near the aperture size developed at 
maximum load (14 μm). The aperture recovered to 24 μm during unloading. In Cycle 2 the aperture starts out at 25 
μm and is 13 μm at peak load, opening up to 19 μm at the lowest unloading confining pressure measured. The final 
Cycle (3) aperture measurements are: 20 μm at the lowest loading path confining pressure, 12 μm at peak load, and 
recovers to 18 μm during unloading.  
The acid treatment did not significantly alter the aperture/confining stress relationship in sample BB8 (Figure 3, 
Bottom Right). There are several possible reasons for the absence of an effect. The first is there was not significant  
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reaction during the acid test. 
Secondly, confining pressure range 
used with sample BB8 might affect 
the results. In our previous work 
(Huerta et al. [11]); we used a 
lower peak load. Increased load 
results in more asperity 
deformation during strain 
hardening and overall smoother 
fracture faces. The remaining 
asperities are shorter, broader, and 
able to withstand more loading. A 
combination of both factors is also 
possible since during acid 
treatment the reactive fluid must 
penetrate into broader asperities to 
significantly alter the mechanical 
strength of the fracture..  
2.3.2. Sample 2 (F14B) 
For baseline results a pump rate 
of 2.0, 3.0, and 4.0 ml/min was used and the corresponding inlet pressure was in the range of 0.5 - 3 psi, depending 
on the confining pressure and cycle number. The low inlet pressure induced significant uncertainty into aperture size 
calculation. Figure 5Figure  shows the aperture/confining pressure trends for baseline and after exposure to acid 
cycles. Aperture starts out around 115 μm and decreases to around 90 μm during the first load cycle. During the 
second load cycle aperture starts out around 83μm and decreases to 52 μm at maximum loading (550 psi). Cycle 3 
starts out at 83 μm and decreases to about 67 μm. The sample was then taken apart and resealed. The initial aperture 
size for Cycle 4 is 99 μm and drops to 76 μm at maximum loading. Cycle 5 starts at around 84 μm and drops to 
around 62 μm. During the unloading cycle significant hysteresis is evident. The non-monotonic behaviour is 
attributed to noise in the inlet pressure signal (the absolute pressures are small for large apertures). The trend of 
aperture vs confining pressure is consistent with 
earlier results (Huerta et al. [11]) and behaves 
according to model expectations (Iwai [12]). 
Aperture size is never below 50 μm and 60 μm seems 
to be about the point where the core begins to behave 
elastically, when the maximum load is at 550 psi 
confining.  
After the baseline cycles, the core (Figure 4) was 
acid treated as shown in Table 2Table. About five 
times as much acid was consumed in this treatment 
as in the previous core. We thus anticipate more 
effect on the aperture/confining pressure relationship. 
A single loading cycle was performed using 1, 2, and 
3.5 ml/min flow rate. The green line in Figure 5 
shows the results of this partial cycle. The first three 
measurements (red circle) were conducted at the 
same confining stress but on different days. A 
significant drop in aperture occurred between these 
experiments, though they at the same nominal 
confining pressure. We attribute this to the fact that 
the confining pressure was raised 10 psi over the 
desired values. Over pressurizing the core is 
necessary because some confining pressure becomes 
 
Figure 4 - Images of cores used in study 
 
Figure 5 – The figure above shows the aperture to confining pressure 
relationship for sample F14B. The baseline cycles are plotted as Cyc. 1-5 
and the loading after the core was acidified is plotted as Acid. This plot 
shows just how different the acidified core behaves when compared to the 
baseline study. While the acidified core starts out at a value comparable 
to those seen in the baseline study it quickly drops to a value much below 
those seen in the baseline cycles. 
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attenuated by system compressibility and minor fluid loss during the experiment. This observation suggests the 
core’s mechanical strength was significantly altered during acid treatment, so that plastic deformation occurs much 
more readily. The aperture size also decreases more at a lower confining pressure, compared to its behaviour during 
the baseline cycles. Aperture size at 500 psi confining pressure was 10 μm. At this point, the inlet fluid pressure was 
approaching the pressure transducer limit so a test near the baseline maximum (550 psi) was not possible. Likewise, 
equipment limitations prevented further experiments below 350 psi on the unloading path (green circle). The small 
aperture size prevented further analysis of this sample but it is clear that the cement’s mechanical properties had 
been substantially altered by the acid attack. Consequently the fracture deformed to a much narrower aperture than 
the unreacted fracture. This supports the possibility that leakage pathways along a wellbore that involve cement 
could be self-sealing to CO2-rich fluids.  
3. Conclusions 
Cyclic loading of naturally fractured cement cores shows a decrease of aperture size with increased confining 
stress, hysteresis in loading / unloading cycle, and strain-hardening. Exposing cement fracture faces to weak acid 
alters the chemical and mechanical properties of the faces. Depending on the extent of reaction, the mechanical 
weakening permits a much more rapid closure of aperture as confining stress increases. Degradation of cement by 
CO2-rich fluids coupled with decreasing reservoir fluid pressure could render leaky wellbores self sealing.  
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